Purpose: Grade 4 lymphopenia (G4L) during radiation therapy (RT) is associated with higher rates of distant metastasis and decreased overall survival in a number of malignancies, including esophageal cancer (EC). Through a reduction in integral radiation dose, proton RT (PRT) may reduce G4L relative to photon RT (XRT). The purpose of this study was to compare G4L in patients with EC undergoing PRT versus XRT. Methods and materials: Patients receiving curative-intent RT and concurrent chemotherapy for EC were identified. Lymphocyte nadir was defined as the lowest lymphocyte count during RT. G4L was defined as absolute lymphocyte count <200/mm 3 . Univariate and multivariable logistic regression analyses (MVA) were performed to assess patient and treatment factors associated with lymphopenia. A propensity-matched (PM) cohort was created using logistic regression, including baseline covariates. Results: A total of 144 patients met the inclusion criteria. The median age was 66 years (range, 32-85 years). Of these patients, 79 received XRT (27% 3-dimensional chemo-RT and 73% intensity modulated RT) and 65 received PRT (100% pencil-beam scanning). Chemotherapy consisted of weekly carboplatin and paclitaxel (99%). There were no significant differences in baseline characteristics between the groups, except for age (median 4 years older in the PRT cohort). G4L was significantly higher in patients who received XRT versus those who received PRT (56% vs 22%; P < .01). On MVA, XRT (odds ratio [OR]: 5.13; 95% confidence interval [CI], 2.35-11.18; P < .001) and stage III/IV (OR: 4.54; 95% CI, 1.87-11.00; P < .001) were associated with G4L. PM resulted in 50 PRT and 50 XRT patients. In the PM cohort, G4L occurred in 60% of patients Sources of support: This work had no specific funding.
Introduction
Worse clinical outcomes have been associated with treatment-induced lymphopenia for a number of malignancies, including esophageal cancer (EC). Lymphocytes are highly sensitive to ionizing radiation, with a 50% lethal dose of 1 to 2 Gy. 8 Over a course of standard fractionated radiation therapy (RT), circulating lymphocytes are predicted to receive a mean dose of 2 Gy. 9 Therefore, RT appears to be a significant mediator of lymphopenia, including in comparison with chemotherapy. 2 For example, induction chemotherapy has been shown to have minimal impact on lymphocyte count, but precipitous declines are noted after the initiation of RT. 2 RT modality and technique may affect the severity of treatment-induced lymphopenia. Through a reduction in moderate-to-low integral radiation dose, proton RT (PRT) may reduce the pool of lymphocytes exposed to lethal doses of radiation. A recent series from one institution investigating the relationship between RT modality and lymphopenia in EC showed a decrease in lymphopenia rates for patients treated with PRT compared with photon RT (XRT). 3, 6 The purpose of this study was to validate the association of lower rates of grade 4 lymphopenia (G4L) in patients treated with PRT versus XRT.
Methods and materials Patients
After institutional review board approval, medical records were reviewed for consecutive patients with EC who received RT and concurrent chemotherapy with curative intent between July 2015 and December 2017. Patients with histologies other than adenocarcinoma or squamous cell carcinoma or those who received a combination of PRT and XRT were excluded. A limited number of patients with stage IV disease on the basis of nonregional nodes (n Z 3) or with oligometastasis (n Z 2) undergoing definitive dosing were included.
Treatment
All patients received concurrent chemo-RT (CRT; generally 41.4-50.4 Gy) with 5 weekly cycles of carboplatin and paclitaxel, followed by surgical resection in operable patients. The clinical target volume typically included the primary esophageal tumor with a 3-to 4-cm longitudinal mucosal expansion and a 1-cm radial expansion, involved lymph nodes, and elective regional lymph nodes (supraclavicular for upper tumors and celiac for distal tumors). The choice of RT modality was at the discretion of the treating physician, most commonly dictated by insurance coverage. PRT was administered using the pencil-beam scanning technique with 2 posterior-oblique beams. XRT was 3-dimensional CRT (n Z 21; 27%) and intensity modulated RT (IMRT; n Z 58; 73%) using volumetric modulated arc therapy. Complete blood counts were done before initiation of CRT and most often weekly during treatment.
Statistical analysis
G4L was defined as absolute lymphocyte count <200/ mm 3 in accordance with the National Cancer Institute Common Toxicity Criteria for Adverse Events, version 4.0. Differences between the groups in baseline parameters were assessed using Wilcoxon, c 2 , and Fisher exact tests where appropriate. Univariate and multivariable logistic regression analyses (UVA and MVA, respectively) were used to assess factors potentially associated with odds of lymphopenia. The clinical target volume (CTV) was considered codependent with stage and was therefore not included in the MVA. Tests were 2-sided with a P-value <.05 denoting statistical significance.
A propensity-matched (PM) analysis was performed to reduce the inherent biases of a retrospective analysis. We employed a 1:1 direct match using clinical, pathologic, and treatment parameters: age, sex, clinical stage, tumor histology, tumor location, surgical status, and CTV. Baseline covariates of age, sex, clinical stage, histology, median radiation dose, CTV, chemotherapy type, tumor location, and surgical status were considered when Advances in Radiation Oncology: JanuaryeMarch 2019 Impact of radiation modality on lymphopenia assessing G4L. A sensitivity analysis was performed excluding all patients who received 3-dimensional CRT, as was a c 2 comparison of 3-dimensional CRT with IMRT for rate of G4L.
Results

Entire cohort
A total of 144 patients were included in the study. Patient characteristics are presented by RT modality in Table 1 . The only statistically significant differences between the baseline characteristics of patients who received XRT and those who received PRT was age (median, 64 vs 68 years, respectively; P Z .01). G4L occurred in 40% of patients overall (Fig 1) .
Univariate and multivariable models are presented in Table 2 for the entire cohort. On UVA, an increase in CTV per 100 cm 3 (hazard ratio: 1.21; P < .01), stage III/ IV (odds ratio [OR]: 3.92; P < .01), and XRT (OR: 4.58; P < .001) were associated with higher rates of G4L. CTV was considered codependent with stage, as noted earlier, and was not included in the MVA. The Pearson correlation coefficient between the variables of stage and CTV was 0.38. On MVA, XRT (OR: 5.13; 95% confidence interval [CI], 2.35-11.18; P < .001) and stage III/IV (OR: 4.54; 95% CI, 1.87-11.00; P < .001) were associated with G4L.
In an exploratory MVA, both CTV and stage were included along with RT modality (XRT vs PRT). In this model, CTV was not significantly associated with G4L (OR: 1.12; P Z .15), but stage III/IV (OR: 3.40; P Z .01) and XRT (OR: 4.75; P < .001) remained significant.
PM group
The PM cohort included 50 XRT and 50 PRT patients (C-statistic logistic model: 0.690). Patient characteristics are presented by RT modality in Table 1 . The PM XRT group had more grade III/IV tumors compared with the PRT group (61% vs 37%; P Z .034), but no other differences between the groups were noted.
On UVA, stage III/IV and XRT were associated with high rates of G4L. An increase in CTV per 100 cm 3 was not significantly associated with G4L and was not included in the parsimonious MVA. On MVA, stage III/ IV (OR: 3.77; 95% CI, 1.26-11.30; P Z .02) and XRT (OR: 5.28; 95% CI: 2.14-12.99; P < .001) were associated with G4L (Table 3) . RT modality was most strongly associated with G4L, with 60% of XRT patients having G4L compared with 24% of PRT patients.
Sensitivity analysis
The rate of G4L was not different for patients receiving 3DCRT versus IMRT, with 52% for patients who received 3-dimensional CRT and 57% for patients who received IMRT in the entire cohort (P Z .72). The rate of G4L was 67% for 3-dimensional CRT and 57% for IMRT (P Z .53) in the PM cohort. When removing all patients treated with 3-dimensional CRT from the overall and PM Figure 1 Cumulative incidence of grade 4 lymphopenia by week. cohorts, the findings were unchanged, and RT modality remained significantly associated with G4L.
Discussion
In the present study, we showed an association of XRT and risk of G4L (55.7% of patients who received XRT compared with 21.5% of patients who received PRT for the entire cohort). XRT remained significant in a PM cohort on MVA (OR: 5.28; P < .001). Our results are similar to and validate those of Shiraishi et al, who showed an OR of 3.45 for G4L XRT compared with PRT. 6 However, there are important differences between our cohort and that of Shiraishi et al. In our cohort, all patients received pencil-beam scanning PRT, few patients received induction chemotherapy, nearly all received concurrent carboplatin and paclitaxel chemotherapy, and we accounted for the number of cycles of chemotherapy.
The effect of RT on tumor-adapted immunity can be both stimulatory and suppressive. 10 RT can facilitate the activation of lymphocytes, including populations of CD4þ and CD8þ T cells, but standard fractionation can lead to immunosuppression via substantial lymphocyte depletion. 4, 11 Lymphopenia can persist after treatment, and RT appears to have an additional indirect effect on nonirradiated lymphocytes and nonirradiated hematopoietic stem cells. 12 As novel methods to enhance the immune interaction with malignancies are developed, it is imperative that we examine the effect of existing treatments on the immune response and where possible optimize these treatments to favor a more robust response.
Our results emphasize important findings from previous investigations. First, lymphopenia has been associated with inferior outcomes, namely survival and incidence of distant metastases. Second, lymphopenia in the setting of immunotherapy has been shown to predict less favorable responses. 13, 14 Our results are especially relevant in this context given that immunotherapy is under investigation in hundreds of trials and has shown promising results across various malignancies.
15e20 Limited prospective data are available in this regard for nonmetastatic EC, and Advances in Radiation Oncology: JanuaryeMarch 2019 Impact of radiation modality on lymphopenia recent results from a lung cancer trial provide an example of the potential relevance and need for further investigation of treatment-induced lymphopenia.
In the PACIFIC trial, Antonia et al demonstrated a substantial progression-free survival benefit for adjuvant durvalumab compared with placebo (16.8 vs 5.6 months) after definitive CRT for patients with locally advanced non-small cell lung cancer. 16 The impact of RT-related lymphopenia on response rates to immunotherapy remains unclear, but we hypothesize that the preservation of lymphocyte counts may improve the efficacy of adjuvant immunotherapy. 13 Here, we demonstrate that PRT compared with XRT may be one such way to reduce treatment-induced lymphopenia in patients with EC and potentially other disease sites. The exact mechanism by which proton therapy may reduce the rates of lymphopenia in EC remains to be determined, and dosimetric analyses, including an examination of the dose to organs at risk, are warranted. PRT may decrease rates of lymphopenia by reducing the dose to circulating lymphocytes and/or reducing dose to bone marrow. Studies in patients with glioma, in whom the majority of radiation exposure is to circulating lymphocytes, have identified intermediate dose volumes as significantly associated with severe treatment-induced lymphopenia. 21 Dosimetric analysis of lung cancer revealed that the volume of the lung receiving 5 Gy was associated with the rate of lymphopenia. 22 Therefore, the impact of PRT is most likely mediated by a reduction in a low-dose radiation bath and in the integral intermediate dose volumes in patients with EC. 23 These results are limited by their retrospective nature and the potential for selection and other biases. We attempted to reduce these issues with the use of propensity matching. Another limitation of our series was the rate of G4L in our photon cohort compared with historic comparisons. For instance, 38% of patients in the Cancer and Leukemia Group B (CALGB) 9781 study experienced G4L compared with 56% in our analysis. 24 Additionally, 41.40 Gy is standard of care per the ChemoRadiotherapy for Esophageal cancer followed by Surgery Study (CROSS) trial. 25 The majority of patients treated in our series received approximately 50 Gy, and the impact of PRT relative to XRT on severe treatmentinduced lymphopenia may be lower at reduced dose levels.
Conclusions
XRT was associated with a significantly higher risk of G4L compared with PRT. Dosimetric and prospective analyses are warranted to better understand the interaction between RT and G4L and assess the oncologic outcomes and potential impact on future therapies for EC.
